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Abstract
We present simple and predictive realizations of neutrino masses in theories based on the SU(6)
grand unifying group. At the level of the lowest-dimension operators, this class of models predicts
a skew-symmetric flavor structure for the Dirac mass term of the neutrinos. In the case that
neutrinos are Dirac particles, the lowest-order prediction of this construction is then one massless
neutrino and two degenerate massive neutrinos. Higher-dimensional operators suppressed by the
Planck scale perturb this spectrum, allowing a good fit to the observed neutrino mass matrix. A
firm prediction of this construction is an inverted neutrino mass spectrum with the lightest neutrino
hierarchically lighter than the other two, so that the sum of neutrino masses lies close to the lower
bound for an inverted hierarchy. In the alternate case that neutrinos are Majorana particles,
the mass spectrum can be either normal or inverted. However, the lightest neutrino is once again
hierarchically lighter than the other two, so that the sum of neutrino masses is predicted to lie close
to the corresponding lower bound for the normal or inverted hierarchy. Near future cosmological
measurements will be able to test the predictions of this scenario for the sum of neutrino masses.
In the case of Majorana neutrinos that exhibit an inverted hierarchy, future neutrinoless double
beta experiments can provide a complementary probe.
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I. INTRODUCTION
Multiple neutrino oscillation experiments over the past two decades have conclusively es-
tablished that neutrinos have non-vanishing masses [1], thereby providing concrete evidence
of new physics beyond the Standard Model (SM). However, although these experiments have
measured the neutrino mass splittings and mixing angles, the actual values of the neutrino
masses still remain unknown. In particular, it is not known whether the neutrino mass
spectrum exhibits a normal or inverted hierarchy. Several medium and long-baseline neu-
trino oscillation experiments have been proposed to settle this issue [2]. At present, the
important question of whether neutrinos are Dirac or Majorana fermions also remains unan-
swered. Future neutrinoless double beta decay (0νββ) experiments may be able to resolve
this question [3].
Grand unification [4–6] is one of the most attractive proposals for physics beyond the SM.
In these theories, the strong, weak and electromagnetic interactions of the SM are unified into
a larger grand unifying group. The fermions of the SM are embedded into representations
of this bigger group, with the result that quarks and leptons are also unified into the same
multiplets. These representations often contain additional SM singlets, which can naturally
serve the role of right-handed neutrinos in the generation of neutrino masses. The fact that
the SM quarks and leptons are now embedded together in the same multiplets often leads
to relations between the masses of the different SM fermions [7]. If these multiplets also
contain right-handed neutrinos, these theories can impose restrictions on the form of the
neutrino mass matrix, leading to predictions for the neutrino masses. Familiar examples of
unified theories that can relate the masses of the neutrinos to those of the charged fermion
include the Pati-Salam [4] and SO(10) [8, 9] gauge groups.
In this paper we explore a class of models based on the SU(6) grand unified theory
(GUT) [10, 11] that lead to sharp predictions for the neutrino mass spectrum. In these
theories, the right-handed neutrino emerges from the same multiplet as the lepton doublet
of the SM. A natural consequence of this construction is that, at the level of the lowest-
dimension terms, the Dirac mass term for the neutrinos is skew-symmetric in flavor space,
so that the determinant of the Dirac mass matrix vanishes. If neutrinos are Dirac particles
that obtain their masses from this term, then, in the absence of corrections to this form from
terms of higher dimension, the neutrino mass spectrum consists of two degenerate species
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and a massless one. Once higher-dimensional terms suppressed by the Planck scale MPl are
included, this class of models can easily reproduce the observed spectrum of neutrino masses
and mixings. A firm prediction of this construction is that the spectrum of neutrino masses
is inverted, with the lightest neutrino hierarchically lighter than the other two. Then the
sum of neutrino masses is predicted to lie close to the lower bound of 0.10 eV set by the
observed mass splittings in the case of an inverted hierarchy. Future precision cosmological
experiments, such as LSST [12], Euclid [13], DESI [14], the Simons Observatory [15], and
CMB-S4 [16], that have the required sensitivity to the sum of neutrino masses will be able to
test this striking prediction. The final phase of Project-8 [17], with an expected sensitivity
of 0.04 eV to the absolute electron neutrino mass, will also be able to test this scenario.
Similarly, future large-scale long-baseline neutrino oscillation experiments, such as Hyper-
K [18] and DUNE [19], will be able to test the prediction regarding the inverted nature of
the mass spectrum.
It is well-established that there is a lower bound on the light neutrino contribution
to the 0νββ process in the case of Majorana neutrinos that exhibit an inverted mass-
hierarchy [20, 21]. In particular, it has been pointed out that if long-baseline neutrino
experiments determine that the neutrino mass hierarchy is inverted, while no signal is ob-
served in 0νββ down to the effective Majorana neutrino mass mee . 0.03 eV, then this would
constitute compelling evidence that neutrinos are Dirac rather than Majorana fermions [22].
The model we present here is an example of a GUT framework that can naturally accom-
modate such a scenario.
If, in addition to the skew-symmetric Dirac mass term, there is also a large Majorana
mass term for the right-handed neutrinos, the neutrinos will be Majorana particles. In this
scenario, the skew-symmetric nature of the Dirac mass term implies that the lightest neutrino
is massless, up to small corrections from higher-dimensional operators. In contrast to the
case of Dirac neutrinos discussed above, the spectrum of neutrino masses can now exhibit
either a normal or inverted hierarchy. However, the lightest neutrino is still predicted to be
hierarchically lighter than the other two, so that for both normal and inverted hierarchies the
sum of neutrino masses is predicted to lie close to the corresponding lower bound dictated by
the observed mass splittings, i.e. 0.06 eV for the normal case and 0.10 eV for the inverted.
This is a prediction that can be tested by future cosmological observations once long-baseline
experiments have determined whether the spectrum is normal or inverted. In addition, these
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predictions for the sum of neutrino masses translate into upper and lower bounds on the
0νββ rate for each of the normal and inverted cases, with important implications for future
0νββ experiments. In our analysis, we explore both the Dirac and Majorana possibilities in
detail and obtain realistic fits to the observed masses and mixings.
To understand the origin of the prediction that the Dirac mass term for the neutrinos is
skew-symmetric, we first consider the minimal grand unifying symmetry, namely SU(5) [5].
In this class of theories the SU(5) grand unifying symmetry is broken at the unification
scale, MGUT ∼ 1016 GeV, down to the SM gauge groups. In simple models based on SU(5),
all the SM fermions in a single generation arise from the 5¯ and 10 representations. The 5¯
is the anti-fundamental representation while the 10 is the tensor representation with two
antisymmetric indices. The Higgs field of the SM is contained in the fundamental repre-
sentation, the 5. The up-type quark masses arise from Yukawa couplings of the schematic
form κλµνρ5Hκ10λµ10νρ, where 5H contains the SM Higgs, 
κλµνρ is the 5-dimensional an-
tisymmetric Levi-Civita tensor, and the Greek letters represent SU(5) indices. Similarly,
the down-type quark and charged lepton masses arise from Yukawa couplings of the form
5†H
µ
10µν 5¯
ν . Although attractive and elegant, the minimal SU(5) model does not contain
SM singlets that can play the role of right-handed neutrinos, and does not make predictions
regarding the neutrino masses. Simple extensions of minimal SU(5) to SU(6), however, do
contain natural candidates for the role of right-handed neutrinos and also allow for elegant
solutions to the doublet-triplet splitting problem [23–28].
In the simplest extension of SU(5) to SU(6), the SM fermions emerge from the 6¯ and
15 representations. While the 6¯ is the antifundamental representation of SU(6), the 15 is
the tensor representation with two antisymmetric indices. Under the SU(5) subgroup of
SU(6), these representations decompose as 15→ 10 + 5 and 6¯→ 5¯ + 1, and can be seen to
contain particles with the quantum numbers of the SM fermions. But now, in addition, the
singlet of SU(5) contained in the 6¯ representation is a natural candidate to play the role of
the right-handed neutrino. If the SM Higgs emerges from the fundamental representation
of SU(6), the down-type quarks and charged leptons can obtain masses from terms of the
schematic form 6†H
µ
15µν 6¯
ν . However, with this set of representations it is not possible to
obtain masses for the up-type quarks of the SM at the renormalizable level. This presents
a problem because the top Yukawa coupling is large.
One possible solution to this problem, first explored in Refs. [29, 30], is that the third-
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generation up-type quarks emerge in part from the 20 of SU(6), which is the tensor repre-
sentation with three antisymmetric indices. This decomposes as 20→ 10+10 under SU(5).
This allows the third-generation up-type quarks to obtain their masses from a renormaliz-
able term of the form κλµνρσ6Hκ15λµ20νρσ. Nonrenormalizable operators suffice to generate
masses for the up-type quarks of the lighter two generations.
The problem of the top quark mass in SU(6) GUTs admits an alternative solution if
electroweak symmetry is broken by two light Higgs doublets rather than one, so that the
low-energy theory is a two-Higgs-doublet model. In this framework, one of Higgs doublets,
which gives mass to the up-type quarks, is assumed to arise from the 15 of SU(6). This
allows all the up-type quark masses to be generated from renormalizable terms of the form
κλµνρσ15Hκλ15µν15ρσ, where the Higgs doublet is now contained in the 15H [10]. The other
Higgs doublet, which arises from the 6 of SU(6), gives mass to the down-type quarks and
charged leptons. The central observation is that the same Higgs doublet in the 15H that
generates the large top quark mass can also be used to generate a Dirac neutrino mass
term through renormalizable operators of the form yν
ij15Hµλ6¯
µ
i 6¯
λ
j , where i and j are flavor
indices. Since the 15 of SU(6) is antisymmetric in its tensor indices, this vanishes if the
flavor indices i and j are the same. Therefore, this construction naturally leads to a skew-
symmetric structure for the Dirac mass matrix of the neutrinos in flavor space.
This framework can naturally accommodate either Dirac or Majorana neutrino masses.
The right-handed neutrinos can naturally acquire large Majorana masses of orderM2GUT/MPl ∼
1014 GeV from nonrenormalizable Planck-suppressed interactions with the Higgs fields that
break the GUT symmetry. This naturally leads to Majorana masses for the neutrinos of the
right size through the seesaw mechanism [31–34]. Alternatively, as a consequence of addi-
tional discrete symmetries, a Majorana mass term for the right-handed neutrinos may not
be allowed, while the coefficient of the Dirac mass term is suppressed. In such a scenario we
obtain Dirac neutrino masses. In this paper we will consider both the Dirac and Majorana
cases.
This paper is organized as follows. In Section II, we outline the framework that underlies
this class of models and show how the pattern of neutrino masses emerges in the Dirac and
Majorana cases. In Section III, we present a realistic model in which the neutrino masses
are Dirac, and perform a detailed numerical fit to the neutrino masses and mixings using
a recent global analysis of the 3-neutrino oscillation data. We show that this framework
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predicts an inverted spectrum of neutrino masses with one mass eigenstate hierarchically
lighter than the others. In Section IV, we present a realistic model in which the neutrino
masses are Majorana, and again perform a detailed numerical fit to the neutrino oscillation
data. We show that in this scenario one neutrino is again hierarchically lighter than the
others, but the spectrum of neutrino masses can now be either normal or inverted. We also
explore the implications of this scenario for future 0νββ experiments and future cosmological
observations. Our conclusions are presented in Section V.
II. THE FRAMEWORK
Our model is based on the SU(6) GUT symmetry with the fermions of each family arising
from a 6¯ representation, denoted by χ, and a rank-two antisymmetric representation 15,
denoted by ψ. For now we omit the generation indices. Note that anomaly cancellation
for the SU(6) group requires that there be two 6¯ chiral fermion representations for each 15
fermion. We denote the additional 6¯ of each family by χˆ. After the breaking of SU(6) to
SU(5), the fields in χˆ that carry charges under the SM gauge groups acquire large masses at
the GUT scale by marrying the non-SM fermions in the 15. Therefore, these fields do not
play a role in generating the masses of the light fermions. However, the SM-singlet field in χˆ,
which has no counterpart in the 15, may remain light. We employ the familiar convention
in which all fermions are taken to be left-handed, and the SM fermions are labelled as
(Q, uc, dc, L, ec), with QT = (u, d) and LT = (ν, `).
The SU(6) symmetry is broken near the GUT scale down to SU(5), which contains the
usual embedding of SM fermions in a 5¯ and a 10 of SU(5). Without loss of generality we
take the SU(5) indices to be (2, 3, 4, 5, 6), so that the index 1 lies outside SU(5). Color
indices run over (4, 5, 6). theories based on the SU(6) grand unifying group. At the level
of the lowest-dimension operators, this class of models predicts a skew-symmetric flavor
structure for the Dirac mass term of the neutrinos. In the case that neutrinos are Dirac
particles, the lowest-order prediction of this construction is then one massless neutrino and
two degenerate massive neutrinos. Higher-dimensional operators suppressed by the Planck
scale perturb this spectrum, allowing a good fit to the observed neutrino mass matrix. A
firm prediction of this construction is an inverted neutrino mass spectrum with the lightest
neutrino hierarchically lighter than the other two, so that the sum of neutrino masses lies
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close to the lower bound for an inverted hierarchy. In the alternate case that neutrinos
are Majorana particles, the mass spectrum can be either normal or inverted. However,
the lightest neutrino is once again hierarchically lighter than the other two, so that the
sum of neutrino masses is predicted to lie close to the corresponding lower bound for the
normal or inverted hierarchy. Near future cosmological measurements will be able to test
the predictions of this scenario for the sum of neutrino masses. In the case of Majorana
neutrinos that exhibit an inverted hierarchy, future neutrinoless double beta experiments
can provide a complementary probe.
We now consider the assignment of fermions under representations of SU(6). Under the
fermion multiplet χ that transforms as a 6, we have
χ =

νc
L
dc
 , (1)
where L is the SM lepton doublet, LT = (ν, `). Note that the Dirac partner νc of the SM
neutrino is embedded in the same multiplet as the left-handed leptons. The fermions in χˆ
also transform as 6¯:
χˆ =

N c
Lˆ
Dˆc
 . (2)
The fermion content of ψ, which transforms as a 15-dimensional representation of SU(6),
is given by
ψ =

0 Lˆc Dˆ
0 ec d
0 u
0 uc3 −uc2
0 uc1
0

. (3)
The breaking of SU(6) down to SU(5) at the GUT scale is realized by a Higgs field Hˆ
which transforms as a 6 under SU(6) and acquires a large vacuum expectation value (VEV)
along the SM-singlet direction. A Higgs field Σˆ, which transforms as an adjoint under
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Multiplets SU(6) representation NF
χ 6 3
fermion χˆ 6 3
ψ 15 3
H 6 1
scalar Hˆ 6 1
∆ 15 1
Σˆ 35 1
TABLE I. Field content of the SU(6) model under consideration.
SU(6), further breaks SU(5) down to the SM gauge group. The breaking of electroweak
symmetry is realized through two Higgs doublets H and ∆ that arise from different SU(6)
representations. The field H, which gives masses to the down-type quarks and charged
leptons, emerges from a 6 while ∆, which gives masses to the up-type quarks, arises from a
15. The Higgs fields Hˆ, H and ∆ are assumed to have the following VEVs:
〈Hˆ〉 =

M
0
0
0
0
0

, 〈H〉 =

0
vd
0
0
0
0

, 〈∆〉 =

0 vu 0 0 0 0
−vu 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

. (4)
The VEV of Σˆ takes the pattern
〈Σˆ〉 = Mˆ

0 0 0 0 0 0
0 −3
2
0 0 0 0
0 0 −3
2
0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

. (5)
The field content is summarized in Table I. Here NF denotes the number of flavors.
We now discuss the generation of fermion masses. The additional fermions Lˆ, Dˆc in χˆ
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and Lˆc, Dˆ in ψ acquire masses at the GUT scale through interactions with Hˆ of the form
−Ldecouple = λˆijψiχˆjHˆ + h.c. , (6)
where we have suppressed the SU(6) and Lorentz indices and shown only the flavor indices.
Consequently, these fields do not play any role in the generation of the masses of the SM
fermions. These interactions do not give mass to the SM-singlet field N c in χˆ. However, even
if N c is light, the fact that it is a SM singlet means that in the absence of other interactions
its couplings to the SM fields at low energies are very small.
The SM fermions acquire masses from their Yukawa couplings to the Higgs fields H and
∆ after electroweak symmetry breaking. The SU(6)-invariant Yukawa couplings take the
form
−LY = yd,ijψiχjH + yu,ijψiψj∆† + h.c. (7)
The down-quark and charged-lepton masses arise from the yd term in the Lagrangian after
the Higgs field H acquires an electroweak-scale VEV. Similarly the up-quark masses arise
from the yu term in the Lagrangian after ∆ acquires a VEV. In general, the masses of the
SM fermions also receive contributions from higher-dimensional operators suppressed by the
Planck scale (MPl) that involve Σˆ, such as
− L∆Y = yˆd,ij
MPl
ψiχjΣˆH +
yˆu,ij
MPl
ψiψjΣˆ∆
† + h.c. (8)
The VEV of Σˆ breaks the SU(5) symmetry that relates quarks and leptons [cf. Eq. (5)].
Therefore these higher-dimensional operators violate the GUT symmetries that relate the
masses of the down-type quarks to those of the leptons of the same generation.
A Dirac mass term for the neutrinos may be obtained from interactions of the form
−LD = yν,ijχiχj∆† + h.c. (9)
As explained earlier, the fact that ∆ is an antisymmetric tensor under SU(6) implies that
yν,ij is skew-symmetric in flavor space. Consequently, the resulting Dirac mass matrix for
the neutrinos has vanishing determinant. We expect corrections to the Dirac mass term
from Planck-suppressed higher-dimensional operators, such as
−L∆D = κν,ij
MPl
χiH
†χjHˆ† + h.c. (10)
9
In general, this contribution will be suppressed by a factor MGUT/MPl ∼ 10−2 relative to
that from Eq. (9).
A large Majorana mass term for the right-handed neutrinos can be obtained from Planck-
suppressed nonrenormalizable interactions of the form
−LM = λνc,ij
MPl
Hˆ†χiHˆ†χj . (11)
This leads to Majorana masses for the right-handed neutrinos of order M2GUT/MPl, which
is parametrically of order the seesaw scale ∼ 1014 GeV. Then, from Eqs. (9) and (11), we
obtain Majorana neutrino masses of the right size.
If neutrinos are to be Dirac particles, the mass term for the right-handed neutrinos shown
in Eq. (11) must be absent. Furthermore, we require the coefficients of the Dirac mass terms
to be extremely small, yν,ij, κν,ij ∼ 10−11, to reproduce the observed values of the neutrino
masses. In Section III, we shall show that the absence of the Majorana mass term for the
right-handed neutrinos, Eq. (11), and the smallness of yν,ij and κν,ij can be explained on the
basis of discrete symmetries.
III. DIRAC NEUTRINO MASSES
A. Pattern of Neutrino Masses
We now present a simple model that realizes the pattern of Dirac neutrino masses dis-
cussed in Section II. The model is based on discrete Z4 × Z7 symmetries under which the
fermions and Higgs scalars have the charge assignments shown in Table II. The Yukawa
couplings that generate masses for the SM fermions, Eqs. (7) and (8), are consistent with
the Z4 and Z7 symmetries. The interaction in Eq. (6) that gives GUT-scale masses to the
extra fermions Lˆ, Dˆc in χˆ and Lˆc, Dˆ in ψ is also allowed by the discrete symmetries. How-
ever, the renormalizable Dirac mass term for the neutrinos, Eq. (9), is now forbidden by the
discrete Z7 symmetry. Instead, the leading contribution to the neutrino masses arises from
the dimension-5 term
−Ld=5 = yν,ij σ
MPl
χiχj∆
† + h.c. (12)
The field σ, which is a singlet under SU(6), is assumed to acquire a VEV, thereby sponta-
neously breaking the discrete Z7 symmetry. For 〈σ〉 ∼ 107 GeV, we obtain Dirac neutrino
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Multiplets SU(6) representation Z4 quantum number Z7 quantum number
χ 6¯ +1 +4
fermion χˆ 6¯ −1 −1
ψ 15 +1 +1
H 6 +2 +2
Hˆ 6¯ 0 0
scalar ∆ 15 +2 +2
Σˆ 35 0 0
σ 1 0 +1
TABLE II. Quantum numbers of the various fermion and scalar fields under the discrete Z4 × Z7
symmetry in the model of Dirac neutrinos. Here the integer entries n correspond to transformation
under Z4 as e
2piin/4 and under Z7 as e
2piin/7.
masses in the right range. Since ∆ is in an antisymmetric representation of SU(6), these
mass terms are antisymmetric in flavor space, i.e.
yν,ij = −yν,ji . (13)
This leads to a highly predictive spectrum, with one zero eigenvalue, and the other two
eigenvalues equal in magnitude and opposite in sign. This corresponds to an inverted mass
hierarchy, in which the smaller ∆m2 arises from the difference between the masses of the
two heavier eigenstates. We can perform phase rotations on the right-handed neutrinos to
ensure that the elements of this mass matrix are real, so that the phase in the PMNS matrix
vanishes.
Clearly, the mass pattern above is ruled out experimentally. However, we need to include
the effects of higher-dimensional terms, which will give corrections to the pattern above.
Since these corrections are expected to be small, we expect to retain the qualitative features
of the spectrum above, in particular, an inverted ordering. An example of such a higher-
dimensional operator is the dimension-6 term
−Ld=6 = κν,ij σ
M2Pl
χiH
†χjHˆ† + h.c. (14)
This correction is parametrically smaller than the antisymmetric contribution in Eq. (12)
by a factor MGUT/MPl ∼ 10−2.
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In order for the terms in Eq. (12) to give rise to the leading contribution to the neutrino
masses, other possible mass terms involving the light neutrino fields ν and νc must be
suppressed. The discrete Z4 symmetry forbids Majorana mass terms for ν and ν
c. It also
forbids Dirac mass terms between ν and N c. A Dirac mass term between νc and N c can be
generated as a Z7-breaking effect, but only at dimension-8:
−Ld=8 = σ
†3
M4Pl
χˆHˆ†χHˆ† + h.c. (15)
This is too small to have any observable effect. Therefore, without loss of generality, the
neutrino mass matrix has the form of a real skew-symmetric matrix with a small complex
symmetric component. We write the mass term in matrix form as,
−Lmass =
(
νce ν
c
µ ν
c
τ
)
Mν

νe
νµ
ντ
 . (16)
It is convenient to decompose the Dirac mass matrix as,
Mν = M
0
ν + δm . (17)
Here M0ν is skew-symmetric and takes the form
M0ν =

0 ma mb
−ma 0 mc
−mb −mc 0
 , (18)
while δm is an anarchic symmetric matrix whose entries are parametrically smaller than
those in M0ν . We can choose ma,mb and mc in Eq. (18) to be real without loss of generality.
However, in general the elements of δm are complex.
The PMNS matrix U is, as usual, defined to be the rotation matrix that relates the flavor
eigenstates ν` of the active neutrinos to the mass eigenstates νi:
νe
νµ
ντ
 = U

ν1
ν2
ν3
 . (19)
Defining Dν = diag(m1,m2,m3) as the diagonalized mass matrix with mass eigenvalues mi
corresponding to the eigenstates νi, we have
D†νDν = U
†M †νMνU . (20)
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Therefore the PMNS matrix is identified with the matrix that diagonalizes the matrixM †νMν .
By a suitable choice of ofma,mb,mc, and the elements in δm, we can fit the observed neutrino
mass splittings and mixing angles.
Before proceeding with a numerical scan, we first estimate the region of parameter space
consistent with observations. Although there are a large number of free parameters, since
only ma,mb and mc are expected to be large, this scenario is very predictive. We parametrize
the elements of the skew-symmetric matrix M0ν as follows:
ma = m cos θ cosφ ,
mb = m cos θ sinφ ,
mc = m sin θ . (21)
Since δm arises from a higher-dimensional operator, it can be treated as a perturbation. At
zeroth order in this perturbation, the eigenvalues for M †νMν are simply {m2,m2, 0}. This
corresponds to a limiting case of an inverted mass hierarchy in which the smaller (solar) mass
splitting vanishes. By convention, in an inverted hierarchy the mass eigenstates m1,m2,m3
are labeled such that m3 corresponds to the mass of the lightest state and the smaller
splitting is between m1 and m2, with m2 > m1. In our case, these correspond to the masses
of two degenerate eigenstates with mass m. Then the eigenstate with vanishing mass is
identified as ν3. The mixing angle θ12 mixes states in the degenerate subspace, and hence is
arbitrary at this order. It will be fixed by the perturbation. The other two mixing angles
are given by θ13 = θ and θ23 = φ. The Dirac CP phase δCP can be rotated away at this
order as well.
To summarize, for δm = 0, which corresponds to zeroth order in the perturbation, the
model predictions for the solar and atmospheric mass-squared splittings, the mixing angles,
and the Dirac CP phase are given by
∆m2sol ≡ ∆m221 = 0 , ∆m2atm ≡ |∆m232| = m2 ,
θ13 = θ , θ23 = φ , θ12 = arbitrary , δCP = 0 , (22)
where ∆m2ij ≡ m2i − m2j . Once we add the perturbation δm, the solar splitting and the
mixing angle θ12 are fixed. The perturbation δm can be parametrized as η m̂, where mˆ is an
anarchic symmetric matrix with entries of order m. The lightest eigenstate acquires a mass
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of order ηm from the perturbation, and the solar splitting is now
∆m2sol ≡ m22 −m21 ∼ 2ηm2 . (23)
The atmospheric mass splitting ∆m2atm ≡ |m23−m22| continues to remain of the order of m2.
The ratio of the solar and atmospheric splittings determines the parametric size of η, which
in turn sets the mass of the lightest eigenstate. Putting in the numbers, we have
m1 '
√
∆m2atm ∼ 0.05 eV ,
m2 ' m1 + ∆m
2
sol
2m1
∼ 0.05 eV ,
m3 ' ∆m
2
sol
2
√
∆m2atm
∼ 7× 10−4 eV . (24)
We see that a satisfactory fit to the data requires the parameter η to be of order m3/m1 ∼
10−2. Remarkably, this is in excellent agreement with the expected value of η from our
construction, η ∼MGUT/MPl ∼ 10−2.
We see that this flavor pattern results in a very predictive spectrum of neutrino masses and
mixings. We obtain an inverted mass hierarchy, with one neutrino hierarchically lighter than
the other two. This prediction can be conclusively tested in future long-baseline oscillation
experiments such as Hyper-K [18] and DUNE [19]. Since the CP -violating phase δCP in the
PMNS matrix vanishes in the limit that δm is zero, it might have been expected to be small.
However, the results of our numerical scans in Section III B show that this need not be the
case, and that fairly large values of δCP can be obtained even for η . 10−2.
B. Fits to the Data
Our strategy for the scan is as follows. The neutrino mass matrix is parameterized in
terms of a skew-symmetric matrix M0ν with a small symmetric correction δm, as discussed
in Section III A. We fix the parameters {ma,mb,mc} of the skew-symmetric matrix M0ν in
Eq. (18) such that the zeroth order predictions match the measured values of ∆m2atm, θ13
and θ23 as given by Eq. (22). In particular, we take m
2 ≡ ∆m2atm = 2.509 × 10−3 eV2,
θ ≡ θ13 = 8.61◦, and φ ≡ θ23 = 48.3◦ corresponding to the central values from NuFit [35] for
the inverted hierarchy case and employ Eq. (21) to determine ma,mb, and mc. Further, the
size of the perturbation η is fixed by ∆m2sol/∆m
2
atm. We then scan over the anarchic matrix
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Fit |x11| |x22| x33 x12 x13 x23 ϕ11 ϕ22
Fit 1 (IH) 0.0620 0.0180 0.0410 0.0088 0.0184 0.0075 227.18◦ -
Fit 2 (IH) 0.1012 0.0234 0.0202 0.0113 0.0151 0.0022 292.30◦ -
Fit 3 (IH) 0.0620 0.0604 0.0239 0.0038 0.0236 0.0041 269.50◦ 288.10◦
TABLE III. The values of the parameters for three benchmark points chosen to fit the neutrino
oscillation data in the case of Dirac neutrinos.
Oscillation 3σ allowed range Model prediction
parameters from NuFit4.1 [35] Fit 1 (IH) Fit 2 (IH) Fit 3 (IH)
∆m221(10
−5 eV2) 6.79 - 8.01 7.35 7.39 7.41
∆m223(10
−3 eV2) 2.416 - 2.603 2.540 2.506 2.540
sin2 θ12 0.275 - 0.350 0.319 0.314 0.305
sin2 θ23 0.430 - 0.612 0.557 0.558 0.559
sin2 θ13 0.02066 - 0.02461 0.0230 0.0224 0.0227
δCP (
◦) 205 - 354 330.8 277.7 287.7
m3 (10
−4 eV) - 1.57 1.56 2.88
TABLE IV. Predictions of the three benchmark points for the neutrino oscillation parameters
in the case of Dirac neutrinos, compared to the 3σ allowed range from a recent global fit. Also
included are the predictions of the benchmark points for the mass of the lightest neutrino.
m̂ and obtain numerical predictions for the entire PMNS matrix. We choose to parametrize
the mass matrix in Eq. (17) in terms of mc and the ratios x1 ≡ ma/mc, x2 ≡ mb/mc and
xij ≡ δmij/mc,
Mν =

0 ma mb
−ma 0 mc
−mb −mc 0
+ δm = mc


0 x1 x2
−x1 0 1
−x2 −1 0
+

|x11|eiϕ11 x12 x13
x12 |x22|eiϕ22 x23
x13 x23 x33

 .
(25)
As can be seen from Eq. (21), the values of x1 and x2 are fixed at 4.393 and 4.931, respectively.
The elements of the perturbation matrix δm are restricted to be much smaller than ma, mb,
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FIG. 1. Global oscillation analysis obtained from NuFit4.1 for the case of an inverted hierarchy
(IH) compared to the results from our benchmark points for the Dirac model (Fit1, Fit2, Fit3).
The gray, green, and pink-colored contours represent the NuFit 1σ, 2σ, and 3σ CL allowed regions
respectively, while the red markers represent the NuFit best-fit values for an IH. The blue, black,
and brown markers are respectively the predictions of the benchmark points corresponding to Fit
1, Fit 2, and Fit 3, as given in Table IV.
and mc. The input parameters xij shown in Table III are examples of fits that are in excellent
agreement with the recent global fit results from NuFit [35]. In obtaining these fits, all the
elements of δm have been taken to be real except δm11 and δm22. We have introduced
phases ϕ11 and ϕ22 in the elements δm11 and δm22 respectively in order to obtain a non-zero
CP phase in the PMNS matrix. Although the addition of just a single phase, say ϕ11, can
give us a non-vanishing δCP (as in Fits 1 and 2), we find that in this case a large δCP requires
a somewhat larger value of |x11| (as in Fit 2). The addition of a second phase ϕ22 allows us
to obtain a large δCP even if all the xij are small (as in Fit 3).
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The predictions of these fits for the oscillation parameters are shown in Table IV, along
with the 3σ allowed range from NuFit4.1 global analysis [35]. Also included are the pre-
dictions for the mass of the lightest neutrino. Note that in each of these fits the lightest
neutrino mass is hierarchically lighter than the other two mass eigenstates by more than
two orders of magnitude. The results for the fits presented in Table IV are also displayed in
Fig. 1 as Fit1, Fit2 and Fit3 in a two-dimensional projection of the 1σ (gray), 2σ (green),
and 3σ (pink) confidence level (CL) regions of the global-fit results (without the inclusion
of the Super-K atmospheric ∆χ2-data). The NuFit best-fit points in each plane are shown
by the red markers, while the blue, black and brown markers correspond to Fit1, Fit2 and
Fit3 respectively.
Interestingly, we find no significant restriction on the CP -violating phase δCP in the PMNS
matrix in this scenario. In particular, as seen from Fit 3, we can get a large CP phase in the
PMNS matrix even if all the elements of δm are smaller by a factor of order 10−2 than the
observed atmospheric splitting. Larger δCP values seem to be preferred by the recent T2K
results [36], and in the future, a more precise determination of δCP can only help us better
constrain the parameter space of the model.
IV. MAJORANA NEUTRINO MASSES
A. Pattern of Neutrino Masses
We now present a simple model in which the pattern of Majorana neutrino masses dis-
cussed in Section II is realized. The model is based on a discrete Z6 symmetry under which
the fermions and Higgs scalars have the charge assignments shown in Table V. With this
choice of charge assignments the interaction in Eq. (6) that gives GUT-scale masses to the
extra fermions (Lˆ, Dˆc) in χˆ and (Lˆc, Dˆ) in ψ is allowed by the discrete Z6 symmetry. The
Yukawa couplings that generate masses for the SM quarks and charged leptons, Eqs. (7)
and (8), are also allowed. Turning our attention to the neutrino sector, the renormalizable
Dirac mass term for the neutrinos, Eq. (9), and the nonrenormalizable Majorana mass term
for the right-handed neutrinos, Eq. (11), are both consistent with the discrete symmetry. In
the absence of other mass terms involving ν and νc, these interactions lead to the desired
pattern of Majorana neutrino masses. The singlet neutrinos N in χˆ obtain large Majorana
17
Multiplets SU(6) representation Z6 quantum number
χ 6¯ +1
fermion χˆ 6¯ −2
ψ 15 +1
H 6 −2
scalar Hˆ 6¯ +1
∆ 15 +2
Σ 35 0
TABLE V. Quantum numbers of the various fermion and scalar fields under the discrete Z6 sym-
metry in the model of Majorana neutrinos.
masses of order the right-handed scale through the operator
− LRHN = λN,ij
MPl
Hˆ†χˆiHˆ†χˆj . (26)
The discrete symmetry forbids a renormalizable Dirac mass term between the SM neutrinos
ν and the singlet neutrinos N . Any allowed Dirac mass terms between νc and N are highly
Planck suppressed and much smaller than their Majorana masses. It follows that the effects
of N on the neutrino masses are small and can be neglected. Then, the Dirac mass term
in Eq. (9) and the Majorana mass term in Eq. (11) give the dominant contributions to the
neutrino masses, leading to Majorana neutrino masses of parametrically the right size that
exhibit the pattern discussed in Section II.
B. Fits to the data
In this subsection, we obtain fits to the neutrino masses and mixings for the case of
Majorana neutrinos. The skew-symmetric Dirac mass matrix MD and symmetric Majorana
mass matrix Mνc are parameterized as
MD =

0 m1 m2
−m1 0 m3
−m2 −m3 0
 , Mνc =

M11 M12 M13
M12 M22 M23
M13 M23 M33
 . (27)
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Fit y1 y2 |y11| y22 y12 y13 y23 ϑ M0 (eV)
Fit 1 (IH) 4.152 5.100 0.9937 0.8351 −0.0640 0.0537 0.0877 131.5◦ 8.485× 10−4
Fit 2 (IH) 4.459 4.868 0.9773 0.8608 −0.0624 0.0458 0.0745 148.0◦ 1.000× 10−3
Fit 3 (NH) 0.5116 0.4549 0.1330 -0.7430 −0.0375 0.0990 0.0263 241.3◦ 1.127× 10−2
Fit 4 (NH) 0.4983 0.4614 0.1211 -0.6934 −0.0430 0.0980 0.0425 245.4◦ 1.204× 10−2
TABLE VI. Values of the parameters chosen for four different benchmark models that fit the
neutrino oscillation data in the case of Majorana neutrinos.
Oscillation 3σ allowed range Model prediction
parameters from NuFit4.1 [35] Fit 1 (IH) Fit 2 (IH) Fit 3 (NH) Fit 4 (NH)
∆m221(10
−5 eV2) 6.79 - 8.01 7.40 7.39 7.24 7.50
∆m223(10
−3 eV2)(IH) 2.416 - 2.603 2.509 2.504 - -
∆m231(10
−3 eV2)(NH) 2.432 - 2.618 - - 2.532 2.500
sin2 θ12 0.275 - 0.350 0.309 0.310 0.303 0.300
sin2 θ23 (IH) 0.430 - 0.612 0.590 0.544 - -
sin2 θ23 (NH) 0.427 - 0.609 - - 0.516 0.527
sin2 θ13 (IH) 0.02066 - 0.02461 0.02258 0.02241 - -
sin2 θ13(NH) 0.02046 - 0.02440 - - 0.02232 0.02231
δCP (
◦) (IH) 205 - 354 296.3 286.4 - -
δCP (
◦) (NH) 141 - 370 - - 282.3 277.2
TABLE VII. Predictions of the benchmark models for the neutrino oscillation parameters in the
case of Majorana neutrinos, compared to the 3σ allowed range from a recent global fit.
In the limit that MD M cν , we can write the following seesaw relation for the light neutrino
masses,
Mν ' −MDM−1νc MTD
= −M0

0 y1 y2
−y1 0 1
−y2 −1 0


|y11|eiϑ y12 y13
y12 y22 y23
y13 y23 1

−1
0 −y1 −y2
y1 0 −1
y2 1 0
 , (28)
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FIG. 2. Global oscillation analysis obtained from NuFit4.1 for both the normal hierarchy (NH)
and inverted hierarchy (IH) compared to our benchmark models for the Majorana case (Fit1,
Fit2, Fit3, Fit4). The gray, green, and pink-colored contours represent the NuFit 1σ, 2σ, and 3σ
CL contours respectively in the NH case, whereas the solid, dashed, and dotted lines correspond
to the 1σ, 2σ, and 3σ CL contours respectively for IH. The red and purple markers in each case
correspond to the NuFit best-fit values for the IH and NH respectively, while the blue, black,
brown, and gray markers are the predictions of the benchmark models corresponding to Fit 1,
2, 3, and 4 respectively, as given in Table VII. In the bottom right panel, |∆m23l| refers to the
atmospheric mass-squared splitting, with l = 1 (2) for NH (IH).
where we choose to parametrize the mass matrix in terms of yi ≡ mi/m3, yij ≡ Mij/M33,
and M0 ≡ m23/M33. The overall mass scale M0 is required to be tiny, of order 10−11 GeV,
to obtain the observed values of neutrino masses. We perform a numerical scan of the input
parameters, as shown in Eq. (28), to obtain predictions for the entire PMNS matrix. It is be-
yond the scope of this work to scan over the full parameter space; instead, we perform a con-
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strained minimization in which the five neutrino observables (sin2 θ12, sin
2 θ13, sin
2 θ23,∆m
2
21,
and |∆m23l| with l = 1 in the case of normal hierarchy and l = 2 for inverted) are restricted to
lie within 2σ of their experimentally measured values. The parameter M11 has been chosen
to be complex in order to induce a CP violating phase in the PMNS matrix, but the other
parameters have been taken to be real. We emphasize that the lightest neutrino is exactly
massless due to the skew-symmetric nature of the Dirac mass matrix MD.
The input parameters shown in Table VI provide excellent fits to the oscillation data, as
can be seen in Table VII. For each of the benchmark points the CP phase in the PMNS
matrix is large, showing that there is no restriction on its value. Fits 1 and 2 correspond to
an inverted hierarchy, whereas Fits 3 and 4 represent a normal hierarchy. The benchmark
points (Fit 1, Fit 2, Fit 3 and Fit 4) are also displayed in Fig. 2 as Fit1 (IH), Fit2 (IH),
Fit3 (NH), and Fit4 (NH) as blue, black, brown, and gray markers respectively in various
two-dimensional projections of the global-fit results [35].
C. Neutrinoless double beta Decay
In the standard framework with only light neutrinos contributing to 0νββ, the amplitude
for the 0νββ rate is proportional to the ee−element of the neutrino mass matrix, given by
mee = |m1c212c213 + eiαm2s212c213 + eiβm3s213| . (29)
Here m1, m2, and m3 are the masses of the three light neutrinos, while s
2
ij ≡ sin2 θij,
c2ij ≡ cos2 θij (for ij = 12, 13, 23), and (α, β) are the two unknown Majorana phases.
We can apply Eq. (29) to our framework to determine its implications for 0νββ. Since the
determinant of MD vanishes owing to its skew-symmetric structure, the lightest neutrino is
exactly massless. For a given mass ordering (normal or inverted), the masses of the heavier
two neutrinos can then be determined from the observed mass splittings. The expression for
the effective Majorana mass given in Eq. (29) then reduces to one of the following equations,
depending on whether the hierarchy is normal or inverted:
mNHee =
∣∣∣∣√∆m221s212c213 +√∆m231s213ei(β−α)∣∣∣∣ , (30)
mIHee =
∣∣∣∣√|∆m232| −∆m221 c212c213 +√|∆m232| s212c213eiα∣∣∣∣ . (31)
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Note that only one Majorana phase (or one specific linear combination of phases) is relevant,
due to the smallest mass eigenvalue being zero.
To illustrate the range of possibilities for 0νββ in this class of models, in Fig. 3 we plot
the effective Majorana mass as a function of sin2 θ12, ∆m
2
21 and the sum of light neutrino
masses
∑
mi. We restrict to points that lie within 1σ and 3σ of the allowed oscillation
parameter range. Each data point in Fig. 3 represents a valid fit that has been obtained by
scanning over the input parameters shown in Eq. (28). For the purposes of this scan, we
have taken all the elements of the Mνc matrix to be complex. Here the blue (red) points
correspond to the case of normal (inverted) hierarchy. The Majorana phases, as well as the
other observables in Eqs. (30) and (31), have been obtained as predictions of the points in
the scan. First, the PMNS matrix is identified with the matrix diagonalizing M †νMν , where
Mν is given in Eq. (28). Then, taking U
TMνU = Dν gives the diagonalized mass matrix
with the appropriate Majorana phases.
We can use Eqs. (30) and (31) to obtain upper and lower limits on the rate of 0νββ
in this class of models. In the case of a normal hierarchy, the two terms in Eq. (30) add
constructively for 0 ≤ (β−α) ≤ pi/2, while partial cancellation occurs for pi/2 ≤ (β−α) ≤ pi.
The most effective cancellation (addition) happens when β − α = pi (0). This allows us
to calculate the minimum and maximum values of the effective Majorana mass, which is
parameterized as
mMIN,MAXee (NH) =
∣∣∣∣√∆m221s212c213 ∓√∆m231s213∣∣∣∣ . (32)
Allowing the fit values from NuFit4.1 to vary over the 3σ range, the minimum effective
Majorana mass is obtained as mMINee = 9.7 × 10−4 eV, whereas the maximum effective
Majorana mass is mMAXee = 4.3×10−3 eV. One can make similar arguments in the case of an
inverted hierarchy, for which the most effective cancellation (enhancement) happens when
α = pi (0) in Eq. (31). This leads to
mMIN,MAXee (IH) =
∣∣∣∣√|∆m232| −∆m221 c212c213 ∓√|∆m232| s212c213∣∣∣∣ , (33)
This allows us to determine the minimum and maximum values of the effective Majorana
mass in the case of an inverted mass hierarchy as mMINee = 1.39 × 10−2 eV and mMAXee =
4.95× 10−2 eV respectively.
Future ton-scale 0νββ experiments such as LEGEND [37] and nEXO [38] should be able
to probe the entire parameter space of this class of models if the hierarchy is inverted. For
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illustration, we show in Fig. 3 the future sensitivity from nEXO [38] at 3σ CL (horizontal
orange band), where the band takes into account the nuclear matrix element uncertainties
involved in translating a given lower bound on the half-life into an upper bound on the
effective Majorana mass parameter.
Similarly, a future cosmological measurement of the sum of the light neutrino masses∑
mi would allow another test of the model predictions. Shown in the bottom panel of
Fig. 3 are the 1σ sensitivity from CMB-S4 [16] (vertical band) for both the normal hierarchy
(blue) and inverted hierarchy (red). It is clear from the figure that the model predictions lie
well within the 1σ sensitivity of CMB-S4, and so these measurements offer an opportunity
to test this scenario.
V. CONCLUSION
In summary, we have presented a framework for neutrino masses in SU(6) GUTs that
predicts a specific texture for the form of the leading contribution to the Dirac mass term.
In this scenario, neutrinos can be either Dirac or Majorana particles. A concrete prediction
in the Dirac case is that the mass hierarchy is inverted. In the Majorana case, on the other
hand, both normal and inverted hierarchies are allowed. In both the Dirac and Majorana
cases, the model makes cosmologically testable predictions regarding the sum of neutrino
masses. Furthermore, in the case of Majorana neutrinos, this framework predicts lower and
upper bounds on the rate of 0νββ for both the normal and the inverted hierarchies. In
the case of an inverted hierarchy, this prediction can be tested in future ton-scale 0νββ
experiments.
Note Added: While this work was in progress we received Ref. [39], which considers Ma-
jorana neutrino masses in the context of an intermediate scale SU(3)×SU(3)×U(1) model
embedded in an SU(6) GUT. Although based on the inverse seesaw framework, the result-
ing pattern of neutrino masses shares some of the features of our Majorana construction,
including the skew-symmetric form of the Dirac mass term and a massless neutrino.
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2
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